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ABSTRACT 
The aim of this simulation study was to assess the bias in estimating muscle fiber conduction 
velocity (CV) from surface electromyographic (EMG) signals in muscles with one and two 
pinnation angles. The volume conductor was a layered medium simulating anisotropic muscle 
tissue and isotropic homogeneous subcutaneous tissue. The muscle tissue was homogeneous for 
one pinnation angle and inhomogeneous for bipinnate muscles (two fiber directions). Interference 
EMG signals were obtained by simulating recruitment thresholds and discharge patterns of a set of 
100 and 200 motor units for the pinnate and bipinnate muscle, respectively (15° pinnation in both 
cases). Without subcutaneous layer and muscle fibers with CV 4 m/s, average CV estimates from 
the pinnate (bipinnate) muscle were 4.81  0.18 m/s (4.80  0.18 m/s) for bipolar, 4.71  0.19 m/s 
(4.71  0.12 m/s) for double differential, and 4.78  0.16 m/s (4.79  0.15 m/s) for Laplacian 
recordings. When subcutaneous layer was added (thickness 1 mm) in the same conditions, 
estimated CV values were 4.93  0.25 m/s (5.16  0.41 m/s), 4.70  0.21 m/s (4.83  0.33 m/s), 
and 4.89  0.21 m/s (4.99  0.39 m/s), for the three recording systems, respectively. The main 
factor biasing CV estimates was the propagation of action potentials in the two directions which 
influenced the recording due to the scatter of the projection of end-plate and tendon locations 
along the fiber direction, as a consequence of pinnation. The same problem arises in muscles with 
the line of innervation zone locations not perpendicular to fiber direction. These results indicate an 
important limitation in reliability of CV estimates from the interference EMG when the 
innervation zone and tendon locations are not distributed perpendicular to fiber direction. 
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1. INTRODUCTION 
Surface electromyographic (EMG) signals may be used for the estimation of muscle fiber 
conduction velocity (CV) (Arendt-Nielsen & Zwarts, 1989). For this purpose, two or more detection 
systems are placed along the direction of muscle fibers. Under the hypothesis of space-invariant 
volume conductors (Farina et al., 2004b), the properties of the tissues interposed between the signal 
sources and the detection electrodes do not vary along the muscle fiber direction, thus, for infinite 
fibers, the potentials detected at the skin surface in any location along the fiber direction have the 
same shape. However, in the experimental case, volume conductors are inhomogeneous. 
Furthermore, the generation of the action potential at the end-plate and the extinction at the tendons 
introduce non-travelling signal components (Arabadzhiev et al., 2003; 2004). When the signals 
detected at different locations along fiber direction do not have the same shape, the definition of 
propagation delay is not unique (Farina & Merletti, 2004).  
Inhomogeneities in the volume conductor may be due to local (Mesin & Farina, 2005) or 
distributed (Mesin & Farina, 2006) changes in conductivity. Muscles with more than one fiber 
orientation are also inhomogeneous since the conductivity of the muscle tissue depends on fiber 
orientation. Thus, bipinnate muscles constitute non-space invariant volume conductors (Mesin & 
Farina, 2004). Simulation of EMG signals generated by these muscles indeed revealed variability of 
the surface detected fiber action potentials along the direction of propagation (Mesin & Farina, 
2004). Another important feature of muscle fibers located at a certain pinnation angle is that the 
projection of end-plate and tendon locations on the direction of the fibers may have large scatter, 
which depends on the pinnation angle. Thus, a set of surface EMG systems placed in the direction 
of the muscle fibers detects potentials propagating in opposite directions or non-propagating (Figure 
1). A similar effect occurs in muscles with fibers perpendicular to the line of action but end-plate 
location along a line not perpendicular to fiber direction, such as the upper trapezius muscle (Farina 
et al., 2006). The bias introduced by the propagating of action potentials in the opposite direction 
with respect to the semi-fiber length where the detection systems are placed was recognized also in 
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case of parallel fibers and innervation zone perpendicular to them (Dimitrov & Dimitrova, 1974; 
Gydikov et al., 1976). 
The aim of the study was to investigate factors affecting CV estimates from simulated EMG 
signals generated by muscles with one and two pinnation angles. 
 
Figure 1 about here 
 
2. METHODS  
2.1 Volume conductor 
Two volume conductor models were used. The first consisted of fibers with only one 
pinnation angle, the second of fibers with two pinnation angles. The other parameters were the same 
for the two models. The inclusion of a bundle of fibers with different pinnation angle with respect to 
that over which the electrodes are located makes the volume conductor inhomogeneous in the 
direction of source propagation (Mesin & Farina, 2004). Thus, the action potentials change shape 
during propagation even in the absence of generation and extinction at the end-plate and tendons. 
The use of the two models allowed us to investigate if the presence of more than one pinnation 
angle was the main factor affecting CV estimates in pinnate muscles. 
2.1.1 Muscle with one pinnation angle 
The analytical model used to simulate muscles with a single pinnation angle describes the 
volume conductor as a two-layer medium, with isotropic subcutaneous tissue (conductivity 
05.0  S/m) and anisotropic muscle tissue (transversal and longitudinal conductivities 1.0T  
S/m and 5.0L  S/m, respectively). The method proposed in (Farina & Merletti, 2001) was 
applied to calculate the analytical transfer function of the two-layer volume conductor, from which 
the impulse response was evaluated by numerical inversion of the two-dimensional Fourier 
transform. The subcutaneous layer was infinite in the x and z directions and 1 mm thick, bounded 
on one side by air (modeled as a non-conductive medium) and on the other side by the muscle 
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tissue. The muscle layer was semi-infinite in the y direction and infinite in the x and z directions. 
Tendons were located in order to simulate a muscle with pinnation angle 15° (Figure 2A). Fiber 
end-plates were in the middle of the muscle fibers. 
 
2.1.2 Muscle with two pinnation angles 
For bipinnate muscle, the muscle tissue was modeled as an inhomogeneous, anisotropic 
medium, semi-infinite in the y direction, infinite in the x and z directions. Transversal and 
longitudinal conductivities were the same as for the case of one pinnation angle. The impulse 
response for this volume conductor was derived in (Mesin & Farina, 2004). A planar subcutaneous 
layer, 1 mm thick ( 05.0 S/m), was added to the volume conductor, as described in (Mesin, 
2005). An approximate analytical expression for the impulse response was obtained as described in 
(Mesin, 2005). The two models of volume conductor were thus identical with the only difference of 
the conductivity tensor which was influenced by the second bundle of fibers in the bipinnate 
muscle. 
 
Figure 2 about here 
 
2.2 Sources and detection systems 
For both volume conductor models, the intracellular action potentials originated at the end-
plate, propagated along the fibers, and extinguished at the tendons. The transmembrane current 
density (second derivative of the intracellular action potential) was modeled as a current tripole with 
impulse amplitudes I1 = 24.6 A/m
2
, I2 = -35.4 A/m
2
, and I3 = 10.8 A/m
2
, and distances between 
impulses a = 2.1 mm and b = 4.8 mm (Figure 2a) (McGill & Huynh, 1988; Merletti et al., 1999). 
The signal was detected with monopolar, single differential (SD), double differential (DD), and 
Normal Double Differential (NDD) systems (Disselhorst-Klug et al., 1997). In all cases, a 38 
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electrode grid was simulated (Figure 3) which led, for the central column, to 8 monopolar, 7 SD, 
and 6 DD and NDD detected signals. 
 
Figure 3 about here 
 
2.3 Numerical implementation 
The analytical solution for the impulse response of the bipinnate muscle volume conductor 
was obtained in the two-dimensional Fourier domain (angular frequencies kx, kz in the x and z 
directions, respectively), for a set of planes along the y variable (Figure 2B). kx and kz were sampled 
over 256 points with maximum values corresponding to a sampling frequency in time domain of 
4096 Hz for CV 4 m/s [see (Farina & Merletti, 2001) for the relation between spatial and temporal 
frequencies].  
Since the model is not space invariant (Farina et al., 2004a), impulse responses were 
simulated for sampled positions of the sources. The simulated positions (xs, ys, zs) of the impulses in 
the source tripole were xs = 0; ys = 2, 3.5, 5 mm within the muscle; and zs (distance from the 
pinnation line) in the range 1-30 mm (0.5 mm increment). The same locations of the sources over 
time were used in case of pinnate muscle. Intermediate depths within the muscle were treated by 
averaging the impulse responses corresponding to the two closest depths (Figure 2B). The impulse 
responses in different positions along the x direction were simulated by translating the simulated 
impulse responses (since in the x direction the volume conductor is invariant). The impulse 
responses in different positions along the z direction were obtained by a linear (convex) 
combination of the impulse responses placed at the closest sampling points of the z variable. Five 
depths within the muscle were simulated by a linear (convex) combination of the impulse responses 
placed at the closest sampling points of the y variable.  
Transversal distances from the detection array were simulated by shifting the matrix (which 
is equivalent to shifting the fiber) in the positive and negative x direction, with 20 sampling steps 
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and maximum translation of 30 mm in both directions. The location of the fibers within the volume 
conductor was thus limited to 30-mm transversal distance and 5-mm depth to reduce the 
computation load. Although more distant fibers may contribute to the interference signal, their 
effect on estimates of average conduction velocity is limited due to attenuation of their action 
potentials by the tissues interposed. 
From all impulse responses for the infinite bipinnate muscle, the homogeneous Dirichlet and 
Neumann problem was solved applying the image theorem (Mesin, 2005), and the subcutaneous 
layer was added over the muscle as described in (Mesin, 2005).  
 
2.4 Motor unit action potentials 
One-hundred motor units for each fiber bundle were simulated, i.e., 100 for the pinnate and 
200 for the bipinnate muscle in total. Motor unit CV distribution (Gaussian) had mean 4 m/s while 
standard deviation was fixed to 0 m/s (all motor units with 4 m/s CV) and 0.5 m/s in two simulation 
sets. The number of fibers in each motor unit varied randomly in the range 50-800. To reduce 
computational time, all fibers in each motor unit were concentrated along a line, with spread of the 
end-plates 10 mm (adding delayed versions of one simulated single fiber action potential). End-
plates were located on average in the middle of the fiber length. Fiber length was 75 mm in all 
cases. 
 
2.5 Discharge patterns 
Motor units were recruited according to the following recruitment threshold excitation 
(RTE) function (Fuglevand et al., 1993): 
nieiRTE niRR ..., ,2 ,1  )( /)ln(                                                      (2) 
where i is an index identifying the motor neurons, RR is the range of recruitment thresholds 
(100% in this study), and n is the total number of motor units in the simulated pool. 
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The discharge statistics were modeled assuming minimum and maximum discharge rates of 
8 and 35 pulses per second (pps), linear relation between force and discharge rate (0.5 pps/%MVC 
for all MUs), and Gaussian distribution of the interpulse interval variability (coefficient of variation 
0.2). The excitation level simulated was 100% in all cases. In case of a distribution of CV with non-
zero standard deviation, the motor units were recruited from low to high conduction velocities 
(Andreassen & Arendt-Nielsen, 1987). Simulated signals were 10-s long. 
 
2.6 Signal analysis 
CV was estimated from each pair of consecutive simulated EMG derivations (7 pairs for the 
monopolar recordings, six for the single differential, and five for both the double differential and 
normal double differential) with the spectral matching approach (McGill & Dorfman, 1984). The 
spectral matching approach is theoretically equivalent to the crosscorrelation method (Merletti & Lo 
Conte, 1995) and is one of the most commonly applied techniques for estimation of conduction 
velocity from surface EMG. The estimator resulting from the spectral matching corresponds to the 
maximum likelihood estimator (minimum variance) in case of white Gaussian noise (Farina & 
Merletti, 2004). Ten CV estimates were obtained dividing each 10-s long simulated signal into 
epochs of 1 s. The 10 estimates were averaged to obtain a single representative value for each 
detection system and each pair of derivations. In each condition, 10 simulations were performed, 
randomly varying the distribution of sizes of the motor units within the muscle. Results are thus 
presented as mean values and standard deviations across the 10 simulations in each condition. 
 
RESULTS  
Figure 4 shows representative single fiber action potentials, detected by seven bipolar 
recordings. The transversal displacement of the fiber in the left and right direction with respect to 
the detection system (Figure 4B,C) corresponds to decreased amplitude and increased duration of 
the propagating component, due to the low-pass filtering effect of the volume conductor. The 
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direction of propagation of the simulated action potentials detected by the array in line with the 
muscle fibers depends on the distance of the fiber from the detection systems. This is due to the 
large scatter in the projection of end-plate and tendon locations along the fiber direction. When 
comparing single fiber action potentials generated by pinnate and bipinnate muscles, the differences 
in shape were rather small and due to different conductivity tensors of the two volume conductors 
(Mesin & Farina, 2004). In the case of bipinnate muscle, however, a second set of fibers is active, 
producing non-propagating action potentials (Figure 4D) in the interference EMG signal recorded 
over the other bundle.  
 
Figure 4 about here 
 
Figure 5 shows an example of monopolar interference signals. The bias in CV estimates was 
positive for the four models considered (pinnate/bipinnate, with or without subcutaneous layer) 
(Figure 6). It was larger for monopolar recordings with respect to the others and for locations closer 
to the tendon. Moreover, bias increased when subcutaneous layer was included in the volume 
conductor. When a distribution of CV was simulated, bias increased due to the larger weight of the 
larger motor units with higher CV on the average CV estimates (Table I).   
 
Figures 5 and 6 and Table 1 about here 
 
 
 
DISCUSSION 
This paper addressed the problem of estimating CV from surface EMG signals recorded 
from pinnate muscles. With respect to muscles with straight fibers, the signals detected from 
pinnate muscles along the fiber direction are affected by a variable location of the projection of end-
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plates and tendons along the array of electrodes. This introduces problems in the estimation of CV 
from the interference EMG signal. 
The results showed that even in case of single pinnation angle, CV estimates presented large 
bias that increased when subcutaneous layer was included in the volume conductor. The difference 
in CV bias between single and double pinnation angle was very limited without subcutaneous layer, 
indicating that the second bundle of fibers in the bi-pinnate muscle influenced the characteristics of 
the signal in a negligible way. This is due to the relative large distance between the second bundle 
of fibers and the recording electrodes. When subcutaneous layer was added, the electrode-source 
distances were less different for the two bundles and the relative contribution from the second 
bundle increased. The effect of this factor to the total bias was limited but increased substantially 
with thicker subcutaneous layers (results not shown). In the simulations shown, the main effect on 
CV estimates was due to the scattered projection of end-plates and tendons along the recording 
electrodes resulting from the inclination of the muscle fibers. 
In this study the end-plates were located in the middle of the fiber length and the pinnation 
angle was fixed to 15º. These choices determined a specific location of the projection of the end-
plates on the array direction and thus a specific bias in CV. Different choices of location of end-
plates and/or pinnation angle would have determined different results. For example, if the 
innervation zone locations were along a line perpendicular to the array orientation (i.e., to the 
muscle fibers), the array would have been distal to the projection of the end-plates of all fibers. 
However, this would imply that the end-plates should be very close to the tendons for some fibers. 
In addition, even in this condition, the problem of the projection of the tendon region could not be 
avoided and would lead to similar problems as observed in these simulations. Similarly, for clarity, 
results on only one pinnation angle, one interelectrode distance and one thickness of the 
subcutaneous layer are shown. The qualitative effect of varying these parameters can be predicted 
from the simulations shown and from previous studies (e.g., Arabadzhiev et al., 2003). The main 
result of this study is the observation that oblique position of innervation zones and tendons with 
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respect to fiber orientation implies bias in CV estimates. This bias depends on the relative weight of 
the components propagating in two opposite directions in the interference signal.  
The effect of opposite propagation directions on CV estimates has been underlined in 
previous work that considered parallel fibers with the same average location of the end-plates 
(Dimitrov & Dimitrova, 1974; Gydikov et al., 1976). The present study indicates that this problem 
is enhanced in muscles with innervation zones located along a line not perpendicular to fiber 
orientation even if the fibers are parallel to the line of action (no pinnation angle). Distribution of 
innervation zones not perpendicular with fiber direction is very common (Masuda et al., 1983). 
Figure 7, for example, shows this situation in the upper trapezius muscle investigated with two-
dimensional EMG recordings. Oblique location of innervation zones with respect to the fiber 
direction can explain the difficulties in reliably estimating CV even from muscles with parallel and 
relatively long fibers, e.g., upper trapezius (Sjøgaard et al., 2006) and vastus lateralis (Rainoldi et 
al., 2001), and the usually larger values of CV estimates obtained from the surface EMG with 
respect to those obtained from intramuscular EMG (Zwarts, 1989). 
 
Figure 7 about here 
 
The CV bias cannot be predicted a-priori since it depends on anatomical factors that are 
likely different across subjects. From Table 1, it is noted that the standard deviation of estimation 
over different simulations is larger for monopolar signals, probably due to a larger weight of non-
propagating signal components in this recording modality. 
A possible solution to the problem of biased average CV is the identification of single peaks 
or motor unit action potentials (e.g., Beck et al., 2005a; 2005b; Hogrel, 2003) from the interference 
EMG and estimation of CV values for each action potential. In this case, it is possible to consider 
only estimates from motor units close to the detection point for which the recording electrodes are 
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between the innervation zone and tendon. However, this requires more complex processing 
algorithms. 
In conclusion, estimates of CV using surface EMG from pinnate muscles are affected by 
positive bias. This explains the large values of average CV often reported in the literature from 
pinnate muscles or muscles with innervation zones location not perpendicular to the muscle fiber 
direction and poses limitations to the technique of estimating CV from surface EMG signals. 
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TABLE CAPTION 
 
Table 1 Average (SD) (over all locations along the array) CV estimates in the conditions analyzed. 
SD: single differential; DD: double differential; NDD: Laplacian. 
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FIGURE CAPTIONS 
 
Figure 1 Schematic representation of a bipinnate muscle with a recording array aligned with fiber 
orientation and located between end-plate and tendon of the underlying fiber. The fibers at 
transversal distance from the array contribute with action potentials propagating in both directions 
(projection of the end-plate) or non-propagating (projection of the tendon). The array cannot be 
located between end-plate and tendon of all fibers in this anatomical condition. 
 
Figure 2 Model of bipinnate and pinnate muscle. A) Definition of pinnation angle and tripole 
source. (B) The two-layer model consists of subcutaneous layer (1-mm thick in this study) and 
semi-infinite muscle tissue. Three depths within the muscle were simulated. Two intermediate 
depths were obtained by linear combinations of the simulated impulse responses. 
 
Figure 3 Schematic representation of the simulated fibers and detection grid. Note the different 
orientation of the conductivity tensor in the two portions of the volume conductor. 
 
Figure 4 Representative examples of simulated single fiber action potentials, detected by an array 
of seven bipolar systems. Four fibers at 2 mm depth within the muscle were simulated (A-D). Both 
pinnate (solid line) and bipinnate (dashed line) muscles were considered with subcutaneous layer 1-
mm thick. The different conductivity tensors in the two cases determined small differences between 
the generated surface action potentials. The potential generated by a fiber belonging to the second 
fiber bundle of the bipinnate muscle is also shown (D). In B-D the first derivative of the 
intracellular action potential and its direction of propagation are schematically shown. 
 
Figure 5 Example of monopolar interference signal (A). Two zoomed portions of the interference 
signal (B) show different propagation paths of the detected potentials. 
 18 
 
Figure 6 Estimated CV for the four models considered (pinnate and bipinnate, with and without 
subcutaneous layer) for monopolar (A), single differential (B), double differential (C), and 
Laplacian (D) recordings. SD: single differential; DD: double differential; NDD: Laplacian; CV: 
conduction velocity. 
 
Figure 7 Map of surface EMG root mean square value from experimental recordings from the 
upper trapezius muscle with a 5×13 electrode grid. The electrode grid (8-mm interelectrode distance 
in both directions) was placed with the 4
th
 row along the seventh cervical vertebra - acromion line 
and with the most medial electrode column 10-mm distant from the innervation zone location. The 
rows of the grid are approximately parallel to the fiber orientation according to Jensen et al. (1993). 
The subject was standing in erect position with the shoulders 90
o
 abducted without hand load, as 
described in detail in (Farina et al., 2006). White areas correspond to high values and dark areas to 
low values of root mean square (range 10-120 V). The dashed line indicates the line of innervation 
zones, which is not perpendicular to the orientation of the fibers (parallel to the rows of the grid). 
Any linear array located along the fiber direction would detect signal components propagating in 
opposite directions due to a similar effect as that schematically depicted for bipinnate muscles in 
Figure 1. 
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Figure 4 
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Figure 7 
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